Abstract: Recent studies have demonstrated that the presence of belowground neighbours induces varied morphological and biochemical responses in plants. Plant allelopathic activity is elicited by the presence of competitor seedlings or competitor root exudates. However, it is unknown whether allelopathy also influences root recognition behaviour in weed-crop interaction. To assess barnyardgrass response to the presence of allelopathic rice roots, we conducted a greenhouse experiment of barnyardgrass-rice mixed culture, including barnyardgrass monoculture, barnyardgrass mixed with the allelopathic rice line PI312777 and barnyardgrass mixed with the nonallelopathic rice cultivar Liaojing-9. Our results showed that the presence of allelopathic rice roots enhanced root allocation and tissue density (RTD) of barnyardgrass, whereas it decreased root biomass, total root length, specific root length (SRL) and topological index (TI), compared to barnyardgrass grown in monoculture; moreover, there was a significant correlation of topological index with root foraging precision and competition. Therefore, the presence of allelopathic rice roots affected the barnyardgrass root morphology, nutrient foraging and competition, suggesting that allelopathy plays a key role in root recognition behaviour of barnyardgrass-rice competitive interaction.
Introduction
Roots are pivotal for plant performance because they not only forage for nutrient and water, but they also fix in the soil. For instance, root overproduction in response to nutrient patches is a ubiquitous adaptive strategy to efficiently take up nutrients that can promote plant growth to gain a competitive advantage at a given time [1] [2] [3] . Plants can regulate their root systems (belowground competitive traits) through recognition of neighbouring roots [4] [5] [6] ; hence the growing interest in the study of root recognition behaviour. Nevertheless, how roots recognize neighbouring roots is an open question. Improved knowledge about root recognition is necessary to have a better understanding of plant production in natural and agricultural systems.
Root recognition might be important in altering root function traits of growth and morphology [7] . For instance, compared with monocultures, the overall effect of species mixture treatments on root biomass in natural grassland systems include overproduction, no effect, or underproduction [8] . Specifically, Phaseolus varigaris produced more roots when grown with interspecific neighbouring roots [9] , whereas Trifolium repens and Glycine max decreased their root biomass in the presence of owner roots [10, 11] . In contrast, no effect of root biomass or length occurred in Avena sativa and Andropogon gerardii [12, 13] . In addition, neighbouring roots of Glechoma hederacea enhanced root length of Fragaria chiloensis, but attracted roots of Fragaria vesca [14, 15] . Changes in root morphology rather than biomass allocation of Deschampsia caespitosa were achieved through root exudate-mediated kin recognition [16] .
Several hypotheses have been proposed to explain root recognition, such as physical signaling [17, 18] , chemical signaling (e.g., plant hormones and root exudates) and microorganism mediation [16, [19] [20] [21] . For instance, the root exudates of barnyardgrass (Echinochloa crus-galli) contain signaling molecules, which can induce the increase in secondary compounds of rice (Oryza sativa) [22, 23] . Consequently, O. sativa affect plant growth and competition by releasing allelochemicals and modifying nutrient availability and soil microbial community [21, 24] . Rice allelopathy, the phenomenon where growth or metabolic suppression or promotion of neighbour plants is mediated through the allelochemicals of O. sativa [23] [24] [25] , has been considered as a potential approach to sustainable weed management [25, 26] . Several studies have documented that O. sativa seedlings can inhibit the germination and growth of paddy weeds including E. crus-galli through root exudation of momilactone A and B, cyclohexenone (3-Isopropyl-5-acetoxycyclohexene-2-one-1) and flavone (5,7,4 -trihydroxy-3 ,5 dimethoxyflavone) [24, 27, 28] , which provide a competitive advantage for the root growth of neighbouring plant species. Conversely, the root exudates of E. crus-galli, containing the allelochemicals of phenolic acids, lactones and derivatives of phthalic acids, can interfere with O. sativa and other plant species [29] . Thus, to unravel the role of root exudates on root recognition behaviour, more mechanistic studies testing more species that take allelopathy of weed-crop systems specifically into account are needed.
E. crus-galli is one of the most noxious weeds in modern agriculture, especially in paddy fields [23] . E. crus-galli has functional traits which enable it to obtain competitive advantage under a range of geographical and climatic conditions [30] . Moreover, E. crus-galli is one of the most serious herbicide-resistant weeds in the world [31] , because it has evolved resistance against herbicides since the 1980s. This severity of the issue calls for immediate solutions and an investigation into the biological and ecological mechanisms of its competitiveness with rice. Fortunately, some varieties of O. sativa as PI312777 and Huagan-3 exhibit high allelopathic activity for paddy weeds and herbicide-resistant barnyardgrass [32, 33] . Thus, results from root-mediated interactions between allelopathic rice and barnyardgrass enable us to consider this as a new mechanism of root recognition in plants. Hence, to link allelopathy with root recognition would entail conducting monoculture and mixed culture roots experiments in a barnyardgrass-rice system. Yet, to our knowledge, no study so far has been conducted in this way.
In this study, E. crus-galli plants were chosen to investigate how they respond to the presence of allelopathic or nonallelopathic rice root neighbours in relation to root system architecture and morphology, and how these interactions feedback to the nutrient foraging behaviour of roots and competition between E. crus-galli and O. sativa. We studied barnyardgrass root recognition, focusing on the effects of allelopathy by measuring root biomass and root allocation, specific root length, root tissue density and root topological index in plants subjected to different treatments. Our objectives were to examine whether (1) the root proliferation of E. crus-galli is affected by root neighbours; if so, whether (2) these responses are related to the allelopathy of the neighbours; and whether (3) root foraging behaviour is linked to root competition.
Results

Root Proliferation and Morphological Traits
Root proliferation and allocation of barnyardgrass were significantly affected by rice root neighbours (the allelopathic rice and the nonallelopathic rice) (Table 1, Figure 1 ). Compared to the control (BYG + BYG), barnyardgrass mixed with the allelopathic and the nonallelopathic rice roots exhibited less root biomass ( Figure 1a ) and total root length (Figure 1b) . Interestingly, the trait values of barnyardgrass root allocation (ratio of root mass to total mass) in the presence of the nonallelopathic rice neighbour were greater than that in the presence of the alleopathic rice neighbour or barnyardgrass monoculture ( Figure 1c ). Table 1 . Summary of the effects of species, treatment (monoculture, mixed with nonallelopathic rice or mixed with allelopathic rice) and their interactions on root biomass and allocation and root morphological traits of E. crus-galli according to linear mixed models. The effects of rice allelopathy on barnyardgrass root biomass and allocation and root morphological traits according to t-test. The significant effects (p < 0.05) are shown in bold. The presence of neighbouring rice roots significantly affected barnyardgrass root morphology, with the exception of specific root length (SRL, Figure 2a ). Barnyardgrass mixed with allelopathic rice treatment significantly increased average root tissue density (RTD), but decreased the topological index (TI) and SRL (Figure 2b ,c). Although the trait values of root proliferation and morphology were affected significantly by species or treatment, all the trait values were not affected by their interaction with the exception for TI (Table 1) . Moreover, all the trait values but for root length exhibited significant difference between mixed cultures with allelopathic rice and with nonallelopathic rice (Table 1 ). 
Root
Root Behaviour of Nutrient Foraging and Competition
Barnyardgrass root behaviour of nutrient foraging and competition were also significantly affected in response to the presence of rice root neighbours (Figure 3 ). Root foraging precision was greater in barnyardgrass mixed with the allelopathic rice than in barnyardgrass mixed with the nonallelopathic rice (Figure 3a) . Similarly, the competition intensity index (CIIr, calculated as root dry biomass) was greater in barnyardgrass mixed with the allelopathic rice than in barnyardgrass mixed with the nonallelopathic rice (Figure 3b) . However, the effect of rice allelopathy on CIIs (calculated as shoot dry biomass) was not significant (Figure 3c ).
There was a significant correlation (p < 0.05) of the topological index with root foraging precision and competition, and also a negative correlation of root foraging precision and barnyardgrass root length response to the presence of rice roots neighbours (Figure 4a-c) . In contrast, barnyardgrass root foraging precision correlated positively with root competition (p < 0.001, Figure 4d ). 
Discussion
By conducting monoculture/mixed culture roots experiments across a range of allelopathy, we found that barnyardgrass allocated more mass to roots when exposed to neighbouring rice roots (Figure 1 ). The presence of rice roots enhanced morphological traits of root tissue density (RTD) and reduced the specific root length (SRL) and topological index (TI) of barnyardgrass ( Figure 2) . The results also showed that the root foraging precision and competition of barnyardgrass were influenced by rice allelopathy (Figure 3) , and we observed significant correlations between nutrient foraging and competition (Figure 4) . Below, we discuss how root recognition behaviour responses to the presence of allelopathic rice roots, and potential mechanisms of root-root competitive interactions between barnyardgrass and allelopathic rice.
Root Proliferation Response to Neighbouring Roots of Allelopathic Rice
Our results confirmed that the presence of rice root neighbours had inhibited barnyardgrass root growth (Figure 1) , consequently affecting the morphological (SRL and RTD) and architectural traits (TI) of barnyardgrass (Figure 2) . The results are consistent with recent findings that showed both root biomass and allocation of pea declined clearly in response to belowground neighbours [34] , indicating that the presence of belowground neighbours can affect plant performance through modifying root traits. One of the possible reasons is that the root size of rice (allelopathic and non-allelopathic rice) was bigger in than in barnyardgrass, resulting in size-asymmetry of belowground competition [35, 36] . Rice root grows faster than barnyardgrass roots, resulting in more rice biomass and length at early seedling stage when seeded at the same time under the condition of similar soil volume and water content. Our results also determined that the dry weight of the rice roots was two to five-fold more than that of the barnyardgrass roots, and the dry weight of the rice roots was greater in the allelopathic rice PI312777 than in the nonallelopathic rice Liaojing-9 (data not shown).
On the other hand, the dynamic response of root proliferation of E. crus-galli is due to rice allelopathy [23, 24, 27, 37] . For instance, the allelopathic rice PI312777 can release allelochemicals into the soil and inhibit the growth of paddy weeds [24, 27] . The allelopathic rice Huagan-3 can interfere with the growth of penoxsulam-resistant barnyardgrass through allelochemical-mediated root-root interaction [33] . In addition, decline of barnyardgrass root growth is due to shift in microbial diversity and community structure shaped by the root exudates of the allelopathic rice [26] . In summary, these findings determine that the allelopathic rice varieties interfere with barnyardgrass performance by altering root traits [38] , suggesting that root recognition could be one of important root behavioural strategies in crop-weed allelopathic interactions.
Impact of Root Recognition on Nutrient Foraging and Competition
Our results clearly showed that the root foraging precision and competition intensity index of barnyardgrass were reduced by neighbouring allelopathic roots, indicating the important role of root recognition on nutrient foraging and competition through altering morphological and architectural traits (Figures 2 and 3 ). For instance, it is not specific root length (SRL) but root tissue density (RTD) which exhibited a more sensitive response to the allelopathic root neighbour (Figure 2b) , confirming RTD as a key functional trait in affecting species interactions [39] . RTD is regarded as an indicator of a plant adaptive strategy to environmental conditions, due to association with many critical aspects of plant growth and survival [40, 41] . In addition, our results showed a negative correlation between topological index and foraging precision and competition intensity index (Figure 4) , which highlights that rice allelopathy plays a key role affecting the barnyardgrass behaviour, shedding light on a direct linkage to root form and function to further better understand the mechanisms of root-root interactions.
A possible mechanism underlying monoculture and mixed culture root-root interactions is chemical communication within the rhizosphere. For instance, the plant hormones of ethylene [42] , strigolactone [43] , jasmonic acid and salicylic acid [44] , have been demonstrated to play important roles in root recognition through shift in the root traits of morphology and architecture. Consequently, plant growth is affected by the root exudates of neighbours, which play key roles in inducing allelopathic activity [21, 24] . The roots growth can be directly inhibited or facilitated by allelochemicals released from neighbouring roots [24, 27, 45] . The presence of competitive weeds and their root exudates can increase the production of the rice allelochemicals, momilactones and flavone [26, 27, 37, [46] [47] [48] , resulting in enhancement in rice allelopathy by the chemical components in barnyardgrass root exudates [23] . Consequently, the induced allelopathic activity may provide a competitive advantage for crops through suppression of the growth of neighbouring weeds, highlighting that plant competitor detection and allelochemical elicitation play pivotal roles in regulating crop-weed interactions.
On the other hand, roots growth is indirectly affected by root-soil microbe interaction mediated by root exudates, because the root exudates can increase or decrease soil nutrient availability by altering the rhizosphere microbial community and the chemical properties [27, 37, 48, 49] . These effects can in turn influence outcomes of resource competition between plants and neighbours [21, 48] . This study has determined that barnyardgrass root proliferation and morphology can respond to root chemical cues from rice seedlings. These results support other studies where it was found that root exudates mediated root recognition behaviour in Arabidopsis thaliana [34] and in Deschampsia caespitosa [16] . It should be noted that this study only shows barnyardgrass recognition response to allelopathic rice in a greenhouse experiment, and thus further investigation into the role of root recognition in the response to allelopathic rice under field conditions with fertilization regimes is needed.
Materials and Methods
Plant and Soil Sample
The O. sativa varieties of PI312777 and Liaojing-9 were used in this study. PI312777, an allelopathic rice line, was originally identified from the USDA-ARS (United States Department of Agriculture Agricultural Research Service) rice germplasm collection and exhibited weed suppression in both US and Chinese paddy fields. Liaojing-9 is a commercial cultivar in Northeast China and does not have allelopathic traits [26, 49] . Plants of E. caudata, E. colona (L.) Link, E. crus-galli (L.) beauv, E. crus-galli var. mitis (Pursh) Peterm and E. crus-galli var. zelayensis (H. B. K) Hitehe were used in this study. The seeds of E. caudata and E. crus-galli (L.) beauv were collected from paddy field at National Field Research Station of Shenyang Agroecosystems, Shenyang, Liaoning province (41 • 31 N, 123 • 24 E). The other three varieties were obtained from the weed laboratory at the Institute of Plant Protection, Jiangsu Academy of Agricultural Sciences, Nanjing, Jiangsu province.
The soils were classified as Mollisol, collected from 0 to 20 cm depth at Heilongjiang Academy of Agricultural Sciences in Harbin, Heilongjiang province. The soils were air-dried and sieved (<5 mm) after removing plant fragments. The soil contained 1.84% organic C, 0.14% N, 43% sand, 22% silt, and 35% clay, and had a pH of 6.8 (soil:water ratio, 1:2.5) and a C:N ratio of 12.8.
Plant Growth, Sampling and Traits Calculating
The barnyardgrass-rice mixed culture experiment was conducted in a greenhouse at 20-30 • C night and daytime temperatures and 70-90% relative humidity maintained during the growing season in 2016. The experiments were conducted in a completely randomized design with five replicates for each treatment or control. A series of plastic pots (20 × 5 cm) containing 300 g of soil was used for the experiment. In total, two pre-germinated seeds were sown and spaced uniformly in each pot. Treatments for barnyardgrass included barnyardgrass mixed with allelopathic rice (BYG + AR), barnyardgrass mixed with nonallelopathic rice (BYG + NAR) and barnyardgrass monoculture (BYG + BYG). Barnyardgrass monocultures served as the controls. Pots were placed in the greenhouse, watered daily and randomized once a week. Seedlings were harvested after four weeks and their shoots and roots were collected for analysis of biomass and morphological traits.
Root traits were calculated according to the following procedure. Briefly, the seedlings were placed on a 0.5 mm screen, soaked and washed to separate the roots from the soil, coding each root as belonging to either rice or barnyardgrass. All visible roots were removed from the screens by hand, rinsed with deionized water and stored at 4 • C until further processing. The roots were separated from neighbour roots using fine forceps. Clean, unbroken sections of roots were chosen for morphological analysis. The following morphological traits were measured with WINRHIZO image analysis software (Regent Instruments Inc., Quebec City, QC, Canada): root biomass (RM), total root length (Length), root tips (Tips), total surface area (SA), total root volume (RV), and external path length (Pe). All root characteristics are listed in Table 2 . 
Data Analysis
Root architecture trait was quantified using the topological index, and nutrient foraging behaviour was measured using root foraging precision. Additionally, we further assessed the magnitude of the potential competition between seedlings using a competition intensity index [51] (for explanations, see Table 2 ).
The normality of the root variables and the homogeneity of the group variances were evaluated with Lilliefors and Shapiro-Wilk tests (for normality), and the F and Levene tests (for homogeneity), respectively. An analysis of variance (ANOVA) was performed for root traits with species and allelopathy as two factors. Simple linear regressions were used to determine the relationships between root traits, root architecture trait (TI) and root foraging precision and competition. Differences among treatments were further investigated using Tukey's comparisons at the p < 0.05 level. All analyses were performed using Statistica 8 package (StatSoft Inc., Tulsa, OK, USA).
Conclusions
Root recognition and allelopathy in plant-plant interaction and their consequences for plant competition and performance have important implications in natural ecosystems and agricultural ecosystems. This study showed that barnyardgrass plants exhibited opposite modifications of root biomass fraction and tissue density when grown with the root neighbours of the allelopathic or the nonallelopathic rice. Furthermore, nutrient foraging and competition of barnyardgrass were affected by allelopathy-mediated root recognition, suggesting that rice allelopathy can be considered as a new mechanism of root recognition in barnyardgrass-rice interaction. These findings provide new evidence that these plants can discriminate rice identity with allelopathy. However, additional studies involving the mechanism of regulating these allelopathy-mediated responses to root neighbours in crop-weed interactions are required.
